Male guinea pigs were fed during 5 weeks with diets differing only in vitamin C content: low (33mg/kg diet), medium (660 mg/kg), and high (13,200mg/kg). Heart vitamin C was strongly depend ent on dietary vitamin C and heart vitamin E showed a trend to increase as a function of the vitamin C level in the diet. The low vitamin C diet decreased body weight gain, food intake, and heart malondialdehyde without changing lipid peroxidation, whereas the high vitamin C in creased oxidized glutathione and glutathione peroxidase and decreased body growth. A tendency to show higher levels of all the first-line antioxidants reduced glutathione, uric acid, superoxide dismutase, cata lase, and glutathione peroxidase at extreme (high or low) dietary levels of vitamin C was observed. The guinea pig heart showed capacity for enzymatic but not for non-enzymatic in vitro lipid peroxidation. It is concluded that dietary vitamin C supplementation is able to increase the global antioxidant capacity of the heart tissue.
Tissue oxygen consumption is a continuous process needed to obtain metabolic energy. Nevertheless, during normal mitochondrial respiration a certain fraction of oxygen consumption gives rise to the generation of oxygen radicals which are known to oxidatively damage lipids, proteins, and DNA. A certain amount of oxidative damage is always present in the cell even at resting respiratory conditions. Data suggest that this oxidative damage favors the appearance of degenerative illnesses such as cancer (1) , cardiovascular diseases (2) , and the aging process (3 6) . If this is true, increasing the tissue antioxidant capacity should be protective against the development of those conditions. In fact, the majority of epidemiolog ical and longitudinal studies performed to date indicate that vitamin C decreases C. ROJAS et al.
the incidence of cardiovascular diseases (7, 8) and cancer (9, 10) . Diet-controlled antioxidants such as vitamins C and E are ideal to easily and safely increase tissue antioxidant capacity. Antioxidant enzymes or GSH (which is under feedback cellular control) do not seem to be suitable for this purpose . Guinea pig is a usefull model for these studies since they are not capable-like human beings-to synthesize ascorbate. On the other hand, previous studies in both vertebrates (5, 6) and invertebrates (4) have shown that cellular antioxidants are subject to homeostatic control: if the animals are exposed to an oxidative stress in vivo, they react with compensatory inductions of endogenous antioxidants . Thus, it is possible that the reverse situation also takes place: increasing the levels of vitamin C (an antioxidant) can promote a reactive depression of endogenous antioxidants. An optimum dose of dietary vitamin C should be that one capable of increasing tissue vitamin C to protect against peroxidation of cellular macromole cules without depressing other cellular antioxidants under the cell genetic machin ery control. Thus, comprehensive studies simultaneously measuring all the main enzymatic and non-enzymatic antioxidants, as well as tissue peroxidation , at different levels of vitamin C supplementation are needed. To our knowledge , few studies have been performed using this approach, and no information is available for the guinea pig heart. Cardiac muscle seems to be a very interesting tissue for this kind of study. It has a high aerobic metabolism based on oxygen consumption in the mitochondria (one of the main producers of oxygen radicals in normal tissue). On the other hand, heart disease is one of the leading causes of early death in adult humans. Thus, the effect of chronic dietary supplementation of guinea pigs with very low, intermediate, or very high levels of vitamin C on heart superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) , glutathione reductase (GR), oxidized (GSSG) and reduced glutathione (GSH), vitamin C , vitamin E, uric acid, enzymatic and non-enzymatic lipid peroxidation , and malon dialdehyde (MDA) was simultaneously studied. Statistical analysis. The data were subjected to one-way analysis of variance (ANOVA). After the ANOVA, the Fisher's least significant difference (LSD) test was used when necessary to analyze significance differences between paired groups. The 0.05 level was selected as the minimal statistical significance in all the analyses.
RESULTS
The three dietary groups were designed in order to obtain three different situations with regards to vitamin C supplementation. Animals in group L (low; 33 mg of vitamin C/kg diet) showed a total lack of vitamin C in the heart (Fig. 1A) . Thus, they can be considered vitamin C deficient from the point of view of this tissue, even though they ingested 0.5-1.1mg of vitamin C per day , which is similar to the minimum amount needed to avoid scurvy in guinea pigs . Group M (medium) received 660mg of vitamin C/kg diet. This is in the range used by most guinea pig commercial breeders which is considered optimum for growing and long-term maintenance of the animal. Group H (high , 13,200mg of vitamin C/kg diet) was used to study the effects of a diet containing vitamin C levels much higher (about 20 times) than those present in standard guinea Uia commercial diets. The vitamin C content of the heart increased very significantly from group L to group M and from group M to group H (Fig. 1A) . Group L showed total disappearance of vitamin C from cardiac tissue whereas group H showed vitamin C levels twice those of group M.
Animals in group L showed a decreased food intake (Table 1 ) in relation to the other two groups and body weight was maximum in group M . Animals receiving low or high amounts of vitamin C (L and H groups) showed lower body growth in spite of the fact that body weight was similar, around 250g , in the three groups at the beginning of the experiment.
Even though no significant differences were found in heart vitamin E among the three groups, as seen in Fig. l The water-soluble antioxidants GSH, uric acid, SOD, and CAT did not show significant differences among vitamin C groups, but a trend to show minimum values in the intermediate (M) group was systematically observed (Figs. 1C, D and  2A, B) . This was reinforced by the same trend being present for GPx (Fig. 2C ) which now showed a significantly higher value in group H than in group M. This trend was not apparent in the case of GR (Fig. 2D) , a secondary antioxidant enzyme which supplies the NADPH needed for GPx function. Significantly higher GSSG values were present in group H compared with group M (Table 2 ) even though the GSH/GSSG ratio did not change.
Endogenous levels of lipid peroxidation (TBARS at 0min, Table 2 ) were strongly and significantly higher when measured by the TBA test than when MDA was directly assayed by HPLC. Enzyme-dependent (NADPH-ADP-Fe2+) lipid peroxidation resulted in significantly higher TBA values than those obtained with ascorbate-Fe2+ ( Table 2) .
Comparison of TBARS (ascorbate-Fe2+ and NADPH-ADP-Fe) among the three groups and of MDA between groups M and H did not result in significant differences in any case (Table 2) . DISCUSSION The doses and times of vitamin C supplementation chosen were effective since heart vitamin C levels increased gradually from group L to group H. Thus, heart vitamin C in the guinea pig is strongly dependent on the vitamin content of the diet. It has been previously shown that ascorbate can have both antioxidant or prooxidant effects (23, 24) depending on a number of factors including ascorbate concentration and availability of transition metals. The systematic trend to show elevated levels of all the first line antioxidants both at low and high levels of ascorbate can be due to a mild oxidative stress being produced in vitamin C deficient or excessively supplemented heart tissue. The presence of this mild oxidative stress is also supported by the significantly higher GSSG values present in group H in relation to group M even though the GSH/GSSG ratio did not change. Negative effects of very high doses of vitamin C, similar to those used here have been described in other systems. Thus, in agreement with our results, growing of guinea pig offspring receiving 5,000mg of vitamin C per kilogram of diet is delayed (25) . In addition, high doses of vitamin C in man (5,000mg per day or higher) can increase oxalate and uric acid excretion (26) and increase iron deposits in the liver (21, 25) .
The higher values of lipid peroxidation when it was measured by the TBA test than when MDA was directly assayed by HPLC show that, in agreement with data from liver, lung, and brain from seven vertebrate species (27) , the TBA assay measures other substances (related or not to lipid peroxidation) in addition to MDA in heart tissue. On the other hand, whereas incubation in the presence of ascorbate-Fe2+ (non-enzymatic lipid peroxidation) increases TBA values as a function of time in the guinea pig liver (28) and brain (29) , this does not occur in the heart. Nevertheless, enzyme-dependent (NADPH-ADP-Fe2+) lipid peroxida The fact that a comparison of TBARS (ascorbate-Fe2+ and NADPH-ADP Fe2+) among the three groups and MDA between groups M and H revealed no significant differences shows that vitamin supplementation does not change lipid peroxidation in heart tissue in the intact animal under basal aerobic conditions. The paradoxically decreased MDA values (HPLC) observed in group L do not imply the presence of a lower lipid peroxidation level in this group, since this result was not confirmed by enzymatic and non-enzymatic lipid peroxidation values. Lipid peroxidation is a complex process which gives rise to the production of many other substances, detected in the TBA test, in addition to MDA. These additional lipid peroxidation products are much more abundant than MDA in many peroxida tion models (30) . In addition, MDA is metabolized in mitochondria in a very poorly understood way. It is possible that vitamin C deficiency changed MDA catabolism without changing lipid peroxidation. The lack of changes in lipid peroxidation does not rule out the possibility that the higher vitamin C values of groups M and H are of protective value against any additional oxidative stress challenge in various physiological (e.g. exercise (31)) or pathological situations. The experiment described here was performed with intact animals under basal aerobic conditions. In this basal state, it is possible that the various components of the antioxidant system, different from vitamin C, are enough to counteract the small amounts of free radicals generated in the tissue. It is also possible that a mild oxidative stress in groups H and L does not give rise to increases in lipid peroxidation due to an induction of all the first-line antioxidants, as suggested from data obtained in this work. In any case, it can be concluded that dietary vitamin C supplementation over large ranges (400 times from group L to group H) increases the global antioxidant capacity of the heart since it leads to higher vitamin C levels in the tissue without depressing any other cellular antioxidant by homeostatic compensation. This shows the utility of dietary vitamin C supplementation to increase the antioxidant defense of the heart. This increased protection can be essential when an additional oxidative challenge is imposed to the tissue.
